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I. Introduction

~ series of mathematical models ha
describe the electrical behavior of & large solar cell  array
floating electrically in the LEO space plasma and struck by an
arc at a point of negative bias (refs. 1-33., There are now three
models in  this series: ARCII, which is & fully analytical,
linearized model; ARCIII, which is an extension of ARCIII that
includes solar cell inductance as well as locad reactance; Non-
linear ARC, which is a numerical model able to treat effects such
as non—-linearized, i.2., logarithmic salar cell 29
characteristics, conductance switching as a solar cell crosses
plasma ground on a voltage excursion and non-ohmic plasma 1eakage
current collection.

been developed that

The ARCII model was develeoped in 1?832-84 when the P.I. was &
Visiting Scientist at NAaSA-Lewis. A grant, NAG 3-574, was awarded
in the fall of 1784 for work in the summer of 1985 to enhance the
ARCII model and to begin treatment of the non-linearities of the
arc/array modeling problem. This work produced the ARCIII model
and the Non-linear ARC model. In the fall of 1985, NAG3I-5374 was
continued with the goal of improving the Non-linear ARC model
during the summer of 1984. The report presented here covers
improvements made during summer 1984 and January, 1787.

11. Work Proposed and Accomplished in 1988 under NAG 3-574&

1> Proposed: "Write the model programs in & compiled computer
language such as FORTRAN 77, PASCAL, or € so as to <speed up
execution."

Accomplished: The programs comprising the MNon-linear ARC model
were firet converted from MBASIC to CBASIC, Execution was
maintained on the Kavpro computer. #@&lthough this reprogramming
was done in order to take advantage of the increased speed
thought to be available in CBASIC, which 1 a compiled rather
than an interpreted language, processing time actually increased.
CBASIC carries 14 decimal digits for floating point numbers while
MBASIC carries only 8. Apparently the extra diqQits carried by
CBASIC more than offset any speed gains made by the compilation
process in CBASIC. As a next step, the programs were converted to
FORTRAN 77 for execution on Colby‘s VAX 8200 computer, This was
entirely satisfactory and run times were ultimately reduced from
one day (Kaypro)> to several minutes (UaXD .

2) Proposed: *Improve the convergences algorithms to permit
solutions of increasing non-linearity. This would include,
particularly, solutions with many back-biased cells.”
ficcomplished: Convergence was improved in several wars:

a)> A hybred of Newton’s method and divide-by—-2 search algorithms



was adopted both for V- and for I-, the two parameters that must
be determined in order to achieve a solution to the circuit
equations of the model at any point in time.

b) Look—-ahead algorithms based on least-squares projections over
the last four time steps were developed for U-, U+ and I-.

€} Major portions of the calculations were coded in double-
precision variables.

d> - & hierarchy of imbedded print diagnostics waes programmed so
that divergent runs could be analysed when they occured without
burdening convergent runs with unnecessary /0. This speeded
execution.

The state of convergence of madel rune is now sufficient to
permit solutions routinely showing 10¥ back-bias of the arrar. A
few runs have been made with more than S04 back-bias of the array
at some time points., Also, the double precision analy¥sis has
largely removed the numerical oscillations of the transient
solutions formerly found on the relaxation side of transient
peaks in some runs.

3> Proposed: "lInvestigate non-chmic plasma current collection,
e.g., fractional power—-law dependence on voltage as 1in non-
sperical Langmuir Probe collection or ‘flash-over’ collection."

Accomplished: Model runs were made with plasma currents of the
form: I = AJn(1+4eV/kTI)P, This collection formula was applied to
both the electrons and ions with T, = 27T, = .2 e.v. and p = 0.5,
1. or 1.2. Runs with a "flash-over" collection function were not
done for lack of time although such functions should be treatabie
by the model.

4) Proposed: "Make sufficient runs of the numerical model ta
span the parameter spaces of interest and present the results of
these runs in concise, graphical form."

Accomplished: More than 200 runs of the Non-linear ARC model
have been made. Some of the reczults of the runs are presented in
Figures 0 - 10 and Tables 1| - 4. Runs have been made for all ¢
pairs of plasma collection exponents, p, described above; for
plasma capacitances Cp, =1, 10 and 20 p+f; for fall-time
constants, T = 10, 350, 100 and 1000 microseconds; and for arc
current amplitudes, 1o, = 10-230 amps.

A Hewlett-Packard Model 7475A computer driven plotter and
software were purchased with grant funds and used to produce
graphical output.

) Proposed: "Uese the experience gained with the expanded
linear model to incorporate, insofar as possible, solar panel
self-inductance and/or load reactance in the numerical model."



Accomplished: Solar panel self-inductance was included in the
mode] in the form of an inductance placed 1in series with each
solar cell. This inductance represents the cell’s magnetic
interactions with currents flowing in nearby chains of cells.
Thus each solar cell is modeled as a non-linear resistance (i.e.
logarithmic I/V characteristic) in series with an inductance and
shunted by an inter—-electrode capacitance. In addition, each cell
has a capacitance to plasma ground in parallel with a conductance
to plasma around that is vol tage-dependent. Runs in which the
solar cell interelectrode capacitances and/or the cell series
inductances are set to zero and model outputse compared to those
using non-zero wvalues to see if the parameters are important
components of the model were not done for lack of time. These
runs are planned for the near future.

The goal of including load reactance in Non-linear ARC was
abandoned when it was realized how badly such a modification
would aftfect the already difficult constraint equations,
particutlarly the constraint that the instantanecus terminal
vol tage must equal the current through the load times the load
impedance. The non-linearities of the various parts of the model
conspire to make convergence unstable in even the resistive load
impedance case for some runs that push the model to its limits.
I+ further development is desired along this direction, new time
resources will have to be applied to it.

In addition to the above proposals, which were made as part
of the grant continuation application submitted in 1983, two
other tasks were suggested by Drs. Snyder and Purvis when the
P.I. wvisited NASA-Lewis prior to work in the summer of 1984,
These were (a) to use the ARCIII extended analr»tical model to
investigate the response to a given arc as the tuned frequency of
the reactive load 1is varied and (k) to use the ARCII and/cr
ARCIII models to investigate response to a qgiven arc as the
cperating point of array is varied from 804 to 1004 of maximum
power. Both of these studies were accomplished. The results will
be described below. BRishwa Basnet, a student ascistant who was
hired wusing grant funds, made the necessary computer runs for
these studies.




ITI. Discussion of Results of Runs using the Non-linear ARC Model

All model runs reported here aszume sclar cells whose /Y
characteristic curve is given by: V = AxIn(1-BX+C where A = 40mv,
B = 132.3 ma and C = 359 mv. This ig the characteristic of a
2cmx2cm  silicon solar cell under full solar illumination. With
the exception of runs reported in Tables | - 4, a&all runs assume
plasma collection current powers, p =1, for both electrons and
ions. Thus, the spherical Langmuir Probe collection model has
been assumed for both species for these runs. Runs with a S e.v.
atomic oxygen ram collection for ions have been made as well as
runs with fully thermal plasmas and p <> { for both 1ions and
electrons. These are reported in Tables | - 4,

The t=0 or quiescent solutions of the model equations
describe a 1000x1300 solar cell array that, in the absence of
plasma interactions, makes 82KW of power at 450V at maximum
(subsequently referred to as 1004 power) or &4KW at 508V when
operated at 80X of maximum on the high-voltage side (subsequently
referred to as 80X power). The array consists of chains of cells
that are wired in parallel. In this arrangement, the symmetry of
the circuit permits one to focus on a single chain of cells that
drives a load equal to the array load resistance times the number
of chains, m. As indicated above m = 13500 for the runs reported.

A load resistance is placed across the model array of the
required. magnitude to achieve quiescent operation at & chosen
point in the absence of plasma. Plasma interactions change the
operating points of the solar cells and cause the array to loce
power to the plasma. The t=0 or quiescent runs of the model
calculate the power made in the presence of plasma, the power
lost to the plasma and the power delivered to the load and checks
that these are in agreement with each other. Tables 1 - 4
summarize the results of t=0 runs made using different plasma
collection assumptions. In &all cases except those assuming ram
collection, a thermal plasma with electron and ion densities of
S X 10%/cc and Te = 2T, = .2 e.v, 1is assumed. In ram caszes,
thermal electrons with Te = .2 e.v, and ram ions with 3 e.v. of
kinetic energy are assumed.

The quiescent array floats electrically in the plasma,
Electrical equilibrium with the plasma is achieved using the
requirement that the net plasma current collected by the array be
zero, Different electron and ion collection models cause the
array to float with different numbers of solar cells above plasma

around in voltage. A parameter, the "floating fraction", measures
the number of cells above ground divided by the total number of
cells in the array. The range floating fractions is 0 - 254 for

runs reported here.

At t = 0 the negative terminal of the array ic assumed to
be the site of an arc consisting of the ejection of electrons
from the terminal. This point of arcing permits the symmetry of
the quiescent solutions, 1in which all chains behave equally, to



carry-over to the time dependent solutions. The arc is imagined
to have the form I(t) = I (exp(t/Tr-exp(tk/T)>, where T ies the
fall-time constant and K is a multiplier, always set to S in the
runs reported here. Figure 0 shows the time dependences of two
typical arcs. I(t2, used to drive the model. The arcs <chown
differ only in amplitude, 1I,. In response to the arc, the model
array undergoes a common-mode positive vol tage swing asscciated
with the charging of the array—-to-plasma capacitances and alsoc a
differential mode, negative transient of the voltage across the
load. The maximum of the load transient is denoted VYTmax in the
figqures. Because all the VUTmax are negative, VTmaxi valuee are
plotted.

During the transient behavicor of the array aftter the arc
begins, the reactive elements of the circuit, which can be
ignored in the quiescent solutions, come into play. A1l runs
reported have used the wvalue .02 microfarad for the
interelectrode capacitance shunting each solar cell and the value
0.01 microhenry for the series inductance of each cell. The saolar
cell-to-plasma capacitances, Cp, are the same for all scolar cells
in the array and values of 1, 10 or 20 picofarads have been used.

Fiqure 1 shows the results of a single run of the model with
an arc having 15, = 100 amps, T = 10 microseconds, C, = 10pf and p
= 1 for both electrons and ions. The quiescent operating point of
the array 1is 804 power on the high voltage side. UT 1is the
transient across the locad, V+ ie the trancient of the positive
terminal of the array and V- is the transient of the negative
terminal of the array. The arc used in this run is not
sufficiently large that cells become back-biased at any time. Une
can see that the lcad transient, VT, has a maximum of only about
20V (negative) and that it rises and falls on a time scale
comparable with that of the driving arc, which is given by the

solid line 1in Figure 0. The transients for V+ and V- are alszo
small but they last considerably longer. In fact, ther have not
relaxed to zerod out as far as t = 5T. Longer runs made with the

model show that relaxation of all transiente to zero ultimately
takes place as it should.

Fiqure 2 <chows the response of the same madel array to a
larger arc, qiven by the dotted line in Figure 0. #Again the arc
is not sufficient to cause back-biasing of cells. One can see
that the transient response is qgreater for the larqger arc, as one
would expect. Figures 3 & 4 show the responcee to the same two
arcs used in Fiqures | & 2 but with the quiescent operating point
chifted to 1004 power. For each arc, the transients at 1004 power
are larger than those for 80% power. This is primarily due to two
effects. A&t 100% power the parallel combination of the internal
dvnamic recicstance of the array with the 1load resistance iz
greater than the parallel combination of these resistances at 20X
power. To a good approximation, at low arc current VT is qiven bv
the product of thece parallel resistances and the arc current.
Thus, the greater the parallel resistance the greater the values
aof VT for the zame arc. In addition the arce used in Figures 2 &
4 are large enough to cause back biasing of some cells (841 of




all cells in Figure 3 and 134 in Figure 4). Back-biasing iz
evidence that the cells have been pushed well into their non-
linear operating regimes far from their guiescent aperating
points and near to their short-circuit-current rpoints. Sharply
increased load transients are the result of operation in this
non-linear region because of the very high effective dynamic
resistances of the cells there.

Without back-biasing the above parallel recsistance model
predicts that, for the same arc, the ratio of 1lecad transient
maxima should qo rougly as the ratio of parallel combinations of
array internal and array load resistances calculated at the 804
and 100 operating points. This ratioc of parallel resistances is
2.49 for runs shown in Figures 1-4. One can see that the ratic of
UTmax’s for the 100 A arc as shown in Figures 1 & 2 is about 3.5
and that of the UYTmax’s for the 150 A arc as shown in Fiqures 2
& 4 is about the same. Thus the transients in Figures 2 & 4 are
larger than those to be expected from the parallel resistance
model alone, i.e., from gquiescent operating point dyrnamic
resistance differences. The extra voltage swings are due to back-
biasing of solar cells.

Figures 9 - 10 show maxima for load transients, VUTmax,
as a function of Io for four different values of the fall-time
constant, T, for three different values of the zolar cell-to-
plasma capacitance, Cp, and for either 80X or 100X power, Figures
S =~ 7 show 80X power results and Fiqures 8 - 10 show 100X power
runs. In each figure, runs have been made with sufficiently
large values of Io to cause some, and sometimes many, solar cells
to be back-biaced at scome pcoint in time during the transient. The
numbers in brackets beside the values of T in each +iqure <chow
the maximum number of back- biased cells in a single chain (out
of 1000) that occcurred in runs with the greatest values of Ig
shown. Runs at low values of 15 involve no back-biasing and runs
at intermediate values involve some back-biasing but less than
the maxima shown in brackets.

A linear model, <such as ARC 11, has the feature that the
salutions for voltage transients due to arcs of the kind assumed
here are proportional to the arc amplitude, Io. Thus, plote of
iUTmax i ve I, for such models show straight-line dependence of
iWTmax! on Io. One can see in Figures 5 - 7 that VYTmax is not a
tinear function of Io. Indeed, if & straight line 1is fitted to
the first few points, including zero, af the data +or each
curve, data points at higher values of 15 +all far above the
line., Thise is further evidence that the non-linearities aof the
salar cells and/or the plasma interactions are at play for these
runs.

Figures 5 - 7 refer to runs made at 204 power, One should
naotice that at this power, where the quiescent coperating points
of the <coclar cells are far from the non-linear region,
sufficiently large arc currents can still cause quite

dramatically large load transients. The maximum arc currents
shown are sufficient to drive some cells from their 80X power
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operating points into their non-linear reqions a&and back-bias
them.

The common-mode transients for the runs shown in Figures S -
7 are not given. They can be quite large. Their general behavior
is the same as that shown in Figures | - 4, 1i.e., positive
vol tage excursions of both terminals with a relaxation to zero at
times generally long compared to the arc fall-time constant, T.
When T =1 ms, however, the other time constants of the array
circuit are so much smaller than T that the transient responses
to an arc are given approximately by ignoring all reactances. In
this case all the transients follow the arc current in time.
Figures 35 - 7 also show that for a given arc current amplitude
UTmax depends on T. Usually UTmax increases with T for the same
Io, although not alwars. This dependence is not understood and
needs more study.

Figures 8 - 10 show results for runs made with an array
operating at 100X power. One sees in these <figures that the
values of 1, needed to produce back-biasing are smaller than they
are at 804 power, as expected. The 100% power operating points
have higher dynamic resistances and are closer to the non-linear
region of the solar cell 1I/V characteristic than are the &0X4
power operating points. Thus a smaller arc current can cause a
substantial load transient and can move the cells into the non-
linear region. One also notices in these figures that the curves
for given values of T and of C, are more nearly linear than those
in Fiqures S5 - 7. This is probably the result of limiting the
valuee of I, in most of these runs to those not producing high
numbers of back biased <cells, thus generating little non-
linearity. However, there are some inconsistancies., In Figure 8,
for example, the curve for T = 30 microseconds is much more non-
linear than that for T = {00 microseconds yet the latter curve
terminates in & run having 224 back-bias at some point while the
former terminates in a run having only 154 back-bias.

Figures 8 & ¢ show behavior in which VTmax/1o 7 1 ohm. This
is within 204 of the parallel combination of array internal
resistance at 1004 power and the load resistance. Thus, for these
runs, the lcad transients can be thought of roughly as arising
from the arc current flowing through this parallel resistance, as
suggested above. However, Figure 10 does not show this behavior
except for the T =1 ms case. By comparison, at 80X power as
shown in Figures § - 7, the parallel combination of resistances
is about .5 ohm. One can see in these figures that, at lexst for
low to intermediate wvalues of 15, VTmax is also gqiven very
roughly by this parallel resistance timee I,. Thue, the rule-of-
thumb that VUTmax = I, x (array internal resistance in parallel
with the load recistance) is a useful one in the a&absence of
strong back-biasing.

Tables 1| - 4 show the results of 72 rune in which different
plasma collection assumptions were made within the power-law
model described abtove. Runs were made at eaxch of three value of p
for each zpecies. These values of p may be interpreted roughly as



followe: p = .5 models a cylindrical Langmuir probe, p = | models
& spherical Langmuir probe and p = 1.2 is the largest value of p
for which convergent solutions could be produced, even wusing
double precision variables. In each of the runs listed, after the
t=0 solution was found, the transient behavior was calculated in
response to an arc having Io = S50 A, T = 10 microseconds, C, = 10
pf, K = 35 and the usual values of solar cell interelectrode
capacitance and series inductance. Tables 1 and 2 1list runs made
at 804 power and Tables 3 and 4 refer to runs made at 100X power.
Both thermal and ram ion cases are tabulated.

In the tables, "FF" stands for the "floating fraction".
"Pmade" stands Ffor the power actually made by the array in the
presence of the plasma interations assumed in the run. "Ploss"
stands for the power lost to plasma leakage currents. "UTmax" has
the wusual definition as the maximum of the load transient in a
run and "BBCmax" is the maximum number of back-biased cells seen
in & run.

The tables permit several overall obeservations toc be made.
First, <floating fractions as high as 50¥% can occur if one uses a
high collection power, p, for ions and a low power for the
electrons. On the other hand, if the electrons are favored, the
floating fraction approaches zero. Second, significant amounts of
power can be lost to plasma interactions. More than 10X can be
lost in worst cases where high values of p are used for both ions
and electrons. Third, and most striking, at a given quiescent
power level, the load transient maxima that are produced by the
same arc are almost totally independent of the plasma collection
assumpticons and the floating fractions. It is &e though the
plasma interactions serve only to establish the floating state of
the array. The arc then drives the load transient according to
internal impedances of the array and the load and without regard
to the plasma interactions. Clearly, this behavior cannot also be
true for the common—-mode transients since they depend on Cp, the
cell-to-plasma capacitance.

IV. Discussion of Results Using the ARC III Model

About the beginning of summer, 1984, a decision was
announced that the A.C. power system of the proposed Space
Station is to be operated at a frequency of 20 Khz. Thus, the
work that the P.I. reported in January, 1988 covering the
development and ucse of the ARC IIIl analytical model to study the
effects of negative arc transients on & model solar cell array
driving & 400 hz reactive lcad no longer relevant for the Space
Station. Accordingly, the P.I. was asked to make some new runs of
ARC T11 using 20 Khz as the tuned frequency. This was done during
the summer of 1724, The results of these runs are summarized in
Figures 11 - 149,

The @ARC 111 model is an extension of the ARC 11 analytical
mode| in which the resistive load of ARC 11 is replaced with an
inductor =et in eseries with the parallel combination of a




resistor and & capacitor so as to model the input stage of &
simple D.C.to A.C. inverter. An inductance in series with each
solar cell is also included in ARC 111, The value of the load
resistor is chosen, a&as in ARC II, to establish D.C. operation of
the solar cell array at the desired cperating points of the
cells, The wvalues of the load inductor and capacitor are chosen
sa that the toad has resonant oscillaticons at the nominal A.C,
frequency of the inverter being modeled by the reactive load and
also that the energy drawn by the lcad per cycle of oscillation
ie a chosen fraction of the maximum stored energy in the 1load.
For the runse reported in 1984, the load frequency was set at 400
Hz and the enerqy draw per cycle at 24. The runs of @ARC 111
reported here use the same 2Z¥ power draw but inverter frequencies
from 400 Hz up to 20 KHz have been used.

These ARC 111 runs assume the same plasma as described above
for the Non-linear arc runs, Collection of electrons and icns to
the <colar cells from the plasma is assumed to be ohmic, i.e.,
the <collected current at each cell is assumed to be proportional
te the voltage of a solar cell interconnect. For interconnect
voltagee > kT, i.e. almost every where on the array except very
near plasma ground, this collection is just that used in  the
Non-linear model with p = 1 for both ions and electrons.

The analytical madels ARC Il and ARC 111 are not able to
treat the plasma interactions of solar cells individuallw.
Rather, the plasma currents <{(represented by electron or icon
conductances) and charge storage (represented by capacitances)
assocciated with the solar cells are collected together in
parallel into two groups. Each group is arbitrarily assigned to
either the negative or the positive terminal of the arrar. This
treatment gives estimates of the upper and lower limits to the
effect of plasma interacticns on the array during & negative-bias

arc transient. The "plasma-split" parameter (P5) directs where
the plasma conductances and capacitances are placed. I+ x11 the
elements are grouped at the negative terminal, PS=0. If all are

grouped at the positive terminal, PS=1. PS=.5 is a S0/50 split,

Figures 1! and 12 show the results of runs of &RC III with
the load reactance tuned for Z20KHMHz and the power draw at 2,
The amplitude of the arc driving the moadel, o, is 10 amps in
each case. WValues of the plasma-split parameter, PE, and of the
capacitance-to-plasma of each solar cell, Cp, are as shown +For
each set of data. The gquiescent cperating points of the <olar
cells is set at either 80% power on the high wvoltage side,
(PF=.2) or 100% power, (PF=1). T is the fall-time constant of the

arc current. The arc current multiplier, K, is zet at TS. The
inductance in <ceries with each cell is .0! microhenry and the
interelectrode capacitance in parallel is .02 microfarad. WYUTmax

ie the maximum of the transient voltage acrose load resistor
during an arc that strikes the npegative terminal of the arrar.

One . notices several features in Figures 11 and 12
immediately. Firgt, runs at the four ditferent combinatione of
values of PS and Cp used vield remarkably similar results. This




teature has also been seen in some runs of the Nan—-linear madel.
Apparently the load transient is rather insenstive to the plasma
interactionse. The <second feature is that (VUTmax! ricses with T.
For values of T less than 50 microseconds, which is the period of
the 20KHz tuned load, this rize makes csence. Ac the arc time-
constant comes into the range of the period of the tuned circuit,
resonance should occur. However, for T greater than S0
microseconds, the values of |UTmax! should beqgin to die off. This
is not seen, probably because the equations of ARC 11l assume
that once the arc is over, 1i.e., in a few times T, the state of
the system relaxes to what it was before the arc struck. For a
load tuned to 400 Hz, which has a period of 2500 microseconds,
thie is & good approximation for values of T out to 100
microseconds, at least. However, when the load is tuned to 20
KHz, the approximation is not valid for fall-time constants
areater than a few microseconds. Thus one expects that results in
these +figures cannot be trusted much past t = 10 microseconds.
One <can say only that iVUTmax! is greater when the load period
matches the arc time-constant than it i=s when the load period is
longer than the arc time-constant. A third observation is that
the load transients do not show the usual dependence on <solar
cell operating point. This is not as yet understood.

Figures 13 and 14 show results of ARC IIl rune wusing the
same plasma and arc parameters as used in Figures 11 and 12. 1In
both +figures Cp = 1pf. Figure 132 is for 80X power and Figure 14
for 100X power. The fiqures show values of (VUTmaxi/T calculated
for arce of different fall-time constants, T, as a function of
the tuned frequency of the load. In the +igures, there is a
general trend upward of IVTmaxi/T with load frequency. The data
for T = 1 microsecond (.001 msec? are good all the way out to f =
20 KHz, 1i.e., the approximation mentioned abocve is valid. The
same is true for the data at T = 10 microseconds (.0ims). The T =
100 micrasecond data are probably gocd cut to no more than 10 KHz
and the Img data ocut to no more than 1 KHz.

Fiqures 13 and 14 are valid over & suftficient frequency
range to suqggest that ARC IIl makes a strong prediction that arcs
with T =1 - 100 microseconds will preduce larger trancients on
reactive loads tuned to 20 KHz than tuned to 400 Hz. Runs of ARC
Il shown suggest that for arce with fall-time constants in this
range, transients across the load resistor may be one to two
orders of magnitude larger at 20 KHz than they would be &t 400
Hz. On the other hand, multiplication by the appropriate values
of T for each data set reveals that the magnitudes of the maxima
of most of the load transients shown are really quite small, and
are proabaly neglicable, ewven though they are agreater at 20 KHz
than at 400 Hz. Once again one notes alsc that the load tranmsient
maxima are not very sensititive ta the solar cell operating
points, i.e., the results for 804X and 100X runs on otherwise
identical parameter values do not differ markedly.
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TABLE 1.

t=0 Scolutions for 80X of Maximum Power and Thermal Ions

Pe Pi FF Pmade Ploss UTmax BEBCmax
.5 .5 2.8% 65444W 42U -7.3 o
1 ] 0.7% 4658485W 43 ~-7.3 a
1.2 .S 0.43% 45465W 432.3W -7.3 0
.3 1 29% &46578W 12780 ~-7.4 0
1 1 7.9% 472480 2198W -8 1]
1.2 1 5% 467350W 2338W -8 0
.5 1.2 S0 &74685W 28000 -7.8 Q
1 1.2 16.3% 71721W 84647W -2 1]
1.2 1.2 10.3%4 725900 PP -10 0

Io = 50 amps
T = 10 microseconds
Cp = 10 p+¥




TABLE 2.

t=0 Solutions for 80Y of Maximum Power and Ram Ions (Sewvw)

Pe Pi FF Pmade Ploss UTmax BBCmax
.5 .5 4.1% &5687W 74U -7 0
1 .5 1.2%4 45690 77U -7.6 0
1.2 .5 Q.74 45490W 78W -7.5 a
.5 1 14.6% é5988W 478W -7.4 0
1 1 3.9%4 66087W &13W -7.4 0
1.2 1 2.5% 46101W 430W -8 0
« S 1.2 22% 46270W ge7w -7.3 0
1 1.2 é% 666420 1365W -7.4 0
1.2 1.2 3.9% £6694W 1434W -8 0

Io = 50 amps

T = 10 microseconds
Cp = 10 p¥f

K=235




TABLE 3.

t=0 Solutions for 100¥ of Maximum Power and Thermal

Pmade

Ploss

UTmax

lons

EBEBCmax

N it —— 00— T A ———— T — — — - —— " — S —— - — —— T W S " ——— . —— NAR " o —— Y o ——— — ———— 7 — . —

Pe Pi FF
.5 5 2.65%
1 .5 0.8%
1.2 .5 0.46%
5 1 287
{ 1 7.9%
1.2 1 " 3.1%
.5 1.2 48.3%
1 1.2 16.1%
1.2 1.2 10.3%
Io = 50 amps
T = 10 microseconds

Cp = 10 pf

2820435
82045
8204%W
82013W
81947W
81933W
81858W
80255W

79428W

3&W

1018W
18720
1798W
2205W
6027W

&78%W

20

=10

10

10

i



TABLE 4.

t=0 Solutions for 100X of Maximum Power and Ram lons (Seu)

Ploss

VTmax

BBCmax

D T D T D AR e . S W S T S Gt S — TS S — T ——— —— T . — — - —— T —————— ——— — - A S — T T > - = o v So > S

Pe Pi FF
.5 .5 47,
1 .S 1.2%
1.2 .5 0.8%
51 14%
1 1 3.9%
1.2 1 2.6%
.5 1.2 21%
1 1.2 &%
1.2 1.2 3.9%

Io = 30 amps

T = 10 microseconds
Cp = 10 pef

K =35

82045W
82045W
82045W
82042W
820400
82040uW
82032W
82014l

82010W

&2W

&40

45W

380W

480W

493W

&74U

103%W

1090W

20

20

20

20

20

20

20

10

20




